Abstract A large-scale core-flooding experimental setup was designed and constructed to investigate the back pressure effects on transient flow through porous medium, and so mimic the physical process of liquid loading and reservoir response. Between initial and final steady-state flowing conditions, where inlet pressure was maintained at a constant level while initiating a transient pressure build up at the core sample end, an "U-shaped" temporal distribution of pore fluid pressure within the medium itself was observed, which is in direct contrast to the conventional reservoir pressure profile.
Introduction
In recent decades, considerable research has been conducted on liquid loading and many well established approaches have been used to alleviate its effects on gas production. However, the current methods for modelling/predicting liquid loading have oversimplified the role of transient phenomena in the near-wellbore reservoir.
After the onset of liquid loading, accumulated liquids at the bottomhole will create a back pressure, at a given instant, to restrict gas flow from the near wellbore region. Once the hydraulic head is equal to the reservoir pressure, the gas flow in the wellbore will cease. Considering these subsequent transient phenomena, liquid loading is a dynamic issue that involves both wellbore and reservoir. This research focused on experimental and numerical investigations of back pressure effects on transient flow through the near-wellbore reservoir.
In this study, the concept of the U-shaped pressure profile along the near-wellbore region of a reservoir under transient flow conditions was experimentally and numerically reproduced for single-phase gas flow in large-scale tests for the first time.
Liquid loading
In theory, every gas well will experience liquid loading in the latter stages of its producing life, becoming incapable of carrying liquids associated with produced gas to the surface. This leads to an increasing back pressure due to a rising liquid column at the bottomhole, which initially decreases deliverability, then prevents gas flow from reservoir, and eventually kills the well (Falcone and Barbosa Jr., 2013) .
To identify associated subsequent dynamic behaviors in liquid loading, such as liquids accumulation and fluids reinjection, the relevant loading evolution over time must be investigated. The liquids accumulation process in loaded gas wells begins with the gas flow rate being greater than its critical flow rate, so all liquids in the tubing can be lifted to the surface by a gas core under steady state conditions (Coleman et al., 1991) . With reservoir pressure depletion, the actual gas flow rate in the wellbore becomes less than the critical flow rate, causing liquids to holdup at the bottomhole. Once the hydraulic back pressure due to a column of accumulated liquids balances the reservoir pressure, the well will be completely loaded and the gas flow will decrease to zero.
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To better understand reservoir behaviors in liquid loading, Zhang et al. (2010) developed a transient near-wellbore reservoir simulator based on a numerical 1-D, two-phase system code using an IMPES method to implicitly solve for pressures and explicitly solve for phase saturations. The authors stated that a "U-shaped" pressure profile can be generated along the near-wellbore region by reason of the pressure variation in the wellbore (Fig. 1) . When the bottomhole pressure oscillates, the reservoir pressure response is not instantaneous and can even be particularly slow in low permeability formations due to a combination of inertia and compressibility effects. The "U-shaped" pressure profile could also explain the re-injection of the heavier phase into the reservoir. The bottomhole pressure oscillations acted as a boundary condition in this modeling effort.
One of the key objectives of this study was to verify the concept of the U-shaped pressure profile experimentally and numerically. Initially, to avoid the complexity of two-phase flow, single gas was used as the test fluid in our study. Fig. 1 . Schematic of the "U-shaped" pressure profile generated by the transient reservoir simulator developed by Zhang et al. (2010) . Wang (2012) and Liu (2016) experimentally verified the U-shaped pressure concept through a small-scale core-flooding facility with single-phase compressible flows. A Hassler cell, which could accommodate a core sample of 30 cm length and 2.58 cm diameter, was modified to mimic the effect of varying downhole pressure on gas flows in the near-wellbore region of a reservoir. Pressure sensors were attached along the sandstone core and recorded the U-shaped pressure distribution generated during the transient experiments. Additionally, Obernkirchener Sandstone was selected as the core raw material for the experiments. However, the small rock sample size and relatively low injection pressure (5 barg) may have limited the laboratory evaluation to a certain degree, so a novel large-scale core-flooding experimental setup is designed and constructed in this study, allowing tests to be performed at a greater working pressure.
Core-flooding experiments
The properties of reservoir rock and fluid are universally investigated by the core-flooding experiments in the laboratory, where an elastic rubber sleeve that contains a core sample is placed in a cylindrical cavity with open ends (referred to as a core holder). The ends of the rubber sleeve are fitted over end plugs, where solid contacts are setup between the faces of end plugs and ends of the core sample. The open ends of the core holder can be sealed by end caps with O-rings. During a coreflooding experiment, the rubber sleeve will be compressed by the pressurized fluid in the annular space surrounding it to provide radial overburden pressure on the core sample. Axial overburden pressure can also be added, depending on the type of the core holder. The tested fluid is forced into one end of the core sample through the end plug with an inlet pressure/temperature and emerges at the other end of the core sample with an outlet pressure/temperature.
Review of existing core-flooding research facilities in the public domain
This section presents some selected core-flooding experimental setups from published laboratory studies, focusing on setup purpose, tested phases, core dimensions, core holder types, rock properties, produced fluids' separation and corresponding working conditions. This extended literature review is a preparation for the design of the core-flooding apparatus in this study.
3
Different porous media are chosen based on various experimental purposes, including sandstone, limestone, sand mixture and glass beads (Table 1) . Most popular is sandstones due to its qualified permeability and porosity. In some cases, composite cores were applied in tests to obtain a core sample with larger dimensions (Alvarado et al., 2001) . Large scale samples were only apparent in tests with unconsolidated artificial porous medium. The maximum length of sample was a test cell of 83.82 cm, packed with a mixture of sand, oil and water (Rivero and Mamora, 2005) ; the maximum length/diameter ratio was 18.13, using various diameter glass beads as artificial porous medium (Jamialahmadi et al., 2005) . Differences between designed laboratory and actual reservoir conditions need to be compensated for. The inlet pressure of injected fluids was generally provided by fluids pumps or gas compressors; the largest being 300 bars (Darvish et al., 2006) . Temperature was usually controlled via heating cables twined on the core holder. Alternatively, a temperature controllable compartment that could accommodate the entire holder was used; a maximum temperature of 160 °C was achieved for three-phase flow apparatus with an accuracy of ± 0.1 °C (Ebeltoft et al., 1998) .
Few core-flooding experimental setups in Table 1 are capable of measuring pressure distribution along the core sample, as this type of measurement can only be realized by the specially made core holder with pressure taps molded. Also, laboratory tests tend to be under steady state or unsteady state conditions; very few involve time as a factor in their experiments.
Design and construction of the experimental apparatus

Core Sample Preparation
One of the essential objectives of this study was to upscale the previous small-scale core-flooding experiments carried out by Wang (2012) and Liu (2016) . Thus, in order to ensure continuity in our experimental campaign, Obernkirchener Sandstone was used again as the core material in the large-scale tests presented here. Obernkirchener Sandstone is a consolidated, relatively fine grained, low permeability sedimentary rock produced from north Germany. Its components and properties are summarized in Table 2 . As can be seen, more than 90% of this sandstone is made up of quartz, assuring its uniformed texture and compactness. In this study, a standard core plug drilled out of an Obernkirchener Sandstone block is used with a length of 80 cm and a diameter of 10.16 cm. 
Core holder
A hydrostatic "biaxial" type core holder was designed to accommodate a large-scale core plug of 80 cm in length and 10.16 cm in diameter, with an option to hold shorter core samples (Fig. 2) . The core holder allows radial and axial confining pressures to be applied to the rock sample. Core Laboratories (USA) manufactured the core holder and its related accessories. Fifteen pressure ports were molded along the length of the rubber sleeve (Fig. 3 a) and, to fully record the back pressure effects, more pressure ports were installed downstream of the system. The first pressure tap is 0.5 inch away from the right end surface, and the other nine pressure taps are evenly placed every inch along the length of the core. The tenth tap is mounted on the corresponding other side of the core plug because of space limitations. Another 5 ports are located upstream of the core holder every 4 inches. The taps and ports are connected with pressure-port tubing with a diameter of 1/16 inches (Fig. 3 b) . Thus, dynamic pressure profiles could be recorded in detail along the rock sample during the transient period of tests.
Fig. 3.
Rubber sleeve with 15 pressure ports.
Description of the assembled experimental setup
The assembled experimental apparatus (Fig. 4) allows nitrogen from a gas cylinder to constantly flood the pressurized core plug placed in the hydrostatic core holder. Both radial and axial pressures are provided by a confining pressure pump to mimic overburden on the rock sample. The custom-made elastic rubber sleeve, molded with fifteen pressure taps, was placed in the core holder. For this study, only four taps were used, connected through pressure-port tubing to the fixed distribution plug, and linked to pressure sensors by steel tubing to measure transient pressure profiles along the core sample. Inlet and outlet pressures of the system were recorded by two extra pressure transducers on both ends of the core plug. The upstream and downstream pressures were controlled by the corresponding gas pressure regulators. During the tests, the opening position of the three-way valve determined whether the produced gas should go to either gas storage tank 1 or to gas storage tank 2 in order to manually induce pressure surges from downstream. The produced pressure waves at the outlet were employed to simulate the well/porous medium dynamical interface.
Fig. 5.
Core dimensions of selected core-flooding experimental setups (only studies that used actual rock plugs are selected for this chart; the ones that used packed sand mixtures or glass beads into the core holder are excluded).
Experimental procedure
In this study, the test sequence consisted of three steps: permeability of the large-scale core sample was measured considering the Klinkenberg effect at low pressure conditions; experiments were then carried out at low pressure; the experiments were repeated, with relatively high inlet and outlet pressures imposed on the system to monitor the associated pressure distribution along the core sample during the transient period.
In the large-scale/low-pressure tests, two precision gas regulators were installed at the inlet and outlet of the experimental apparatus to ensure accurate pressure control up to 10 barg. Before each test, the tightness of the core holder was carefully checked to exclude any leakage. At the beginning of the test, the upstream and downstream pressures were defined as constant at 1 ~ 10 barg and 0 barg, respectively. When gas flow had stabilized under these conditions, the pressure at the outlet was increased (to 1 ~ 10 barg) by switching the three-way valve from the atmosphere to the gas storage tank connected to the downstream gas regulator.
In the large-scale/high-pressure tests, the inlet pressure was roughly regulated by a common industrial pressure reducer. Meanwhile, the outlet pressure was approximately controlled by an assembly of two relieve valves. The operating pressure of this setup was defined in the range of 10 ~ 50 barg. At the initial moment of the tests, both inlet and outlet pressures were regulated at a pressure greater than the atmospheric pressure (10 ~ 50 barg). Once the first steady state condition was reached, the downstream pressure was switched to a higher value (10 ~ 50 barg). The conversion of the two outlet pressures was still realized by the three-way valve connected to both gas storage tanks.
Discussion of experimental results
In what follows, the experimental results are presented through time histories of pressure distributions and flow rates during the transient periods.
Large-scale/low-pressure tests
U-shaped curves can be clearly observed in the pressure profiles recorded during the transient period of the largescale/low-pressure test with an inlet pressure of 5 barg and an outlet pressure of 0/3 barg (Fig. 6) . However, the development of the U-shaped pressure profiles is slower than expected. The delayed responses at the measuring point "a" are particularly obvious, suggesting location "a" felt the greatest influence from back pressure effects among the six pressure measurement points. During the experimental operation, the outlet pressure amplitude was manually controlled by the downstream threeway valve. Theoretically, the pressure value at point "a" should immediately increase from 0 barg to 3 barg at a time of 1s (t = 1s). In practice, the outlet pressure takes around 2s to reach the desired value. The monitored pressure at point "a" increases 9 from 0 barg to 3 barg at a time of 3s (t = 3s). This mismatch is due to the data acquisition system requiring 1 ~ 2s to respond to a pressure variation, yet the pressure transducers could only read the received signals after a rise time of 2 ~ 5 ms. To qualitatively display the obtained experimental data, error propagation analyses are included in Fig. 6 , by means of error bars, to indicate the closeness of the measured to the true values. Upstream and downstream volumetric flow rates with an imposed outlet pressure of 0/3 barg were compared (Fig. 7) . Upstream flow rate profiles decreased initially during the transient period, as a smaller pressure drop along the core sample was generated with the imposed outlet pressures, and then became flat as the second steady state condition was reached. Measurement gaps were observed in the downstream flow rate profiles at the beginning of transient periods, indicating the occurrence of counter flow at the outlet of the system, as the flow meters used could only monitor gas flow in one direction. This observed experimental phenomenon corresponds to the re-injection from the wellbore into the reservoir during liquid loading in gas wells. Later on, downstream flow rates flowed in the initial direction once more, indicating the end of counter flow. Finally, gas flowed steadily through the core plug at a lower flow rate than the initial state, indicating that the second steady state condition had been attained. The inlet and the outlet flow rates were nearly equal to each other under steady state conditions, as the volume flow rates displayed in all three cases were converted to standard pressure and temperature conditions adopted by the petroleum industry (18 °C and 1 bara). An unexpected feature other than the common "U-shaped" scenario, was observed in the experimental pressure data. The pressure value at measuring point "c" at a time of 30s (t = 30s), highlighted by the red dotted circle in Fig. 6 , shows an unexpected pressure bulge, unlike the other pressure measurement points. The pressure bulge is attributed to a "pressure shock" generated during the experiments. The theory of pressure shocks has been widely explored in gas dynamics (Gessner and Barbosa Jr., 2009 ). In the large-scale experiments shown here, the outlet pressure was suddenly increased from 0 to 3 barg at a time of 0s (t = 0s). During the start time period (0 ~ 3s), the outlet boundary pressure is higher than that in the core section very close to the outlet. Therefore, the gas at the outlet starts to flow in an opposite direction from the initial state, with limited gas mass entrance. This phenomenon is captured by the outlet flow meter's measurement gap at the beginning of the outlet flow rate profile (Fig. 7) . At the same time, the inlet boundary, which is relatively far away from the outlet, still holds a constant pressure of 5 barg. Thus, the upstream gas flow is still flooding in the initial direction (from inlet to outlet). On the other hand, as a consequence of the sudden outlet pressure increase, more gas is injected from downstream over a relatively short time interval, while gas continues to come in steadily from upstream. This creates a pressure shock (i.e. the observed pressure bulge) at the measuring point c, where the gas flowing from upstream and that from downstream meet. The pressure shock is related due to fast mass accumulation/gas compression at the outlet.
Large-scale/high-pressure tests
The recorded pressure profiles during the transient period for an inlet pressure of 30 barg and an outlet pressure of 10/20 barg (Fig. 8) exhibit U-shaped pressure profiles, with a relatively short transient duration (within 20s). The pressure bulge that was observed in the low-pressure tests can still be observed in the high pressure cases, but is less severe. For example, the measuring point "c" (highlighted in the red dotted circle) suffered from the pressure shock during the development of Ushaped curves. Additionally, unexpected gas fluctuations are observed in the high-pressure tests. Normally, when the second steady state condition is reached, the outlet pressure should remain constant. However, the pressure at the measuring point "a" is still drifting within a relatively large range even after the U-shaped curves have disappeared (see the red double-headed arrow). This may have been caused by the current experimental limitations in the high-pressure tests. When the high-pressure experiments were carried out, the inlet pressure of the system was controlled by a pressure reducer located directly on the top of the gas bottle, and the corresponding outlet pressure was regulated by an assembly of gas storage tanks and relief valves. This design could not provide results as accurate as in the case of the low-pressure tests, where high-precision gas regulators could be used. (Fig. 9 ) exhibit the same trends as the low-pressure tests. Inlet flow rates decline at the beginning of the transient period, while the outlet flow rate starts to increase from 0 L/min, yet finally, both profiles have nearly stabilized at constant flow rate values. As all volume flow rates were converted to 18 °C and 1 bara, the upstream and the downstream values should be equal, but gaps between them can be observed, most likely caused by gas fluctuations in the experimental system. 
Conclusions and Recommendations
This study investigated the transient gas and gas-liquid flows in integrated reservoir/wellbore systems under liquid loading conditions. A novel large-scale core-flooding experimental setup was designed and custom-built to provide new insights into near-wellbore reservoir dynamic behaviors. One large-scale core sample, which was drilled out of an Obernkirchener Sandstone block, was tested in the experiments. The U-shaped pressure profile along the near-wellbore region of a reservoir under transient flow conditions, was experimentally reproduced for single-phase gas flow, and the Ushaped pressure distribution can be established during the dynamic interactions between wellbore and reservoir. The severity of these profiles largely depends on the magnitude of the downstream pressure oscillation, which directly influences the scale of the back pressure effects.
Unexpected pressure 'bulges' seen in the large-scale experiments were due to the outlet pressure being suddenly increased from atmospheric pressure to a relatively higher pressure. This led to gas being injected from downstream of the core sample over a relatively short time interval, with the gas continuing to come in steadily from upstream, resulting in a pressure shock when upstream and downstream gas flows met.
In order to better understand what is really happening in a liquid loaded well and the corresponding near wellbore region, further investigations will be required to run back pressure tests on different types of rocks.
